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Abstract

The intensity of system (or eigen) peaks encountered in capillary zone electrophoresis (CZE) can be predicted by
considering mass balances for each of the analyte constituents and each of the constituents in the background electrolyte
(BGE). As aresult of coherence, in each zone the proportions in which the constituent concentrations vary are fixed; they are
determined by the composition of the BGE and the nature of the analyte constituent (if present) and described as
eigenvectors of a transport matrix. Considering the effect of an injection, the mass balances for all constituents can be
satisfied only via the intensity of each zone. This leads to an n-equations, n-unknowns problem, with the intensities as the
unknowns and the mass balances as equations.The latter can be easily solved to obtain the intensities of the zones, of
analytes as well as of system peaks. In this work the approach has been applied to CZE systems with two co-ions in the
BGE, and experimental results have been compared to the predictions obtained from the model. Agreement was seen to be
reasonable, but the quantitative comparison often failed, probably due to experimental difficulties. [0 2002 Elsevier Science
BV. All rights reserved.
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1. Introduction on whether the BGE contains a detector-responsive
congtituent. Even if this is not the case, they may

System (or **ghost-"" or “‘eigen-"") zones in capil- cause baseline fluctuations via refractive index ef-

lary zone electrophoresis (CZE) have been studied
by many workers [1-14]. These zones move through
the medium as if they are analyte zones, but consist
only of disturbances in the concentrations of the
background electrolyte (BGE) and contain no ana-
lytes. They may or may not be detectable, depending
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fects. These studies have been mainly done in the
context of indirect detection, where indeed the
existence of these zones can very much deteriorate
the reliability of CZE analysis, by the appearance of
disturbing peaks in the electropherogram. Even when
this does not occur, because the system zones are
“invisible’”, they may very well disrupt the peak
shapes of analytes sitting at the same position [3,7].
From most of these papers a important message
emerges. the simpler the composition of the BGE,
the fewer system zones are present, and the smaller
is the risk for such undesired complications. How-
ever, in some cases it is favourable, for other
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reasons, to use a dightly more complicated BGE.
E.g., the requirement on the monitoring ion in
indirect detection, together with that on adequate,
pH-buffering, the requirements for regulation of
electroosmotic flow, and the need to add anti-oxid-
ants may lead to such situations.

The cited papers contain valuable practical rules
for the prediction of system peak positions for smple
BGE systems, which can be described adequately by
using the Kohlrausch regulating function (KRF)
[15]. Also, more sophisticated mathematical tools
have been applied [4,7,8] to handle more compli-
cated situations, e.g., polybasic buffers.

However, it remained unclear how the intensities
of system zones are related to the injected solution,
and to the properties of the BGE. In two previous
papers [16,17] we have indicated how such relations
can be found in principle. This treatment was based
on the formulation of the relevant electromigration
transport equations under conditions of minor dis-
turbance in terms of a linear matrix formulation,
leading to an eigenvector problem [16-19]. The
minor disturbance assumptions allow one to linearize
the problem. In this way very complicated and time
consuming in-detail calculations and simulations
[20-23], that often do not give much general insight,
can be avoided. In this contribution the matrix
approach is worked out further, and some ex-
perimental results are compared to the predictions
following from our model.

2. Theory

In our approach constituents rather than ions are
used as the basic variables. A constituent is defined
as a component irrespective of its degree of protona-
tion. Thus H,PO,, H,PO,, HPO; , PO  are dll
congtituent ‘‘phosphate’”. Giving the concentrations
of al such constituents defines a solution unambigu-
ously via the pK, values and the required electro-
neutrality; e.g., 50 millimolar ‘‘acetate constituent”
and 25 millimolar sodium (ion) represent a BGE
buffer with nearly equal concentrations of acetic acid
and sodium acetate, with a pH close to the pK, of
acetic acid.

The dimensionality of the system, n, is equa to
the number of constituents, i.e.,, n numbers describe
the composition.

If only salts of strong ions occur in BGE and
sample, it is nearly aways fairly accurate to neglect
the influence of H™ and OH~ (pH assumed to be
around 7); in that case one needs one humber less to
describe the solution; e.g., in mixed KCI and NaCl,
Cna and ¢, would suffice to define the solution as ¢,
is fixed by the electroneutrality condition. The
dimensionality, n, isin that case equa to the number
of different ions minus 1.

It is assumed throughout this paper that all con-
centrations stay close to that in the BGE (minor
disturbances). Each concentration will often be de-
scribed by its relative value, Ac, indicating the
difference with the concentration in the BGE. Ac
values can be negative, except for analytes. A
composition can be described by n numbers, giving
the Ac, values for all constituents (with the BGE
concentrations as origin). These n values can be
taken as a vector, Ac.

As has been put forward in a number of papers
[18,24,19,17,16], for conditions of minor disturbance
a most general description of the coupled migration
of analyte and BGE congtituents is obtained when
the coupled differential transport equations for all
constituents are forced into a matrix form, an idea
originaly proposed (for chromatography) by Man-
gelsdorf Jr. [25] and Riedo and Kovats [26], for gas
chromatography (GC) and liquid chromatography
(LC), respectively, and eg., used in high-perform-
ance liquid chromatography (HPLC) [27,28]. The
eigenvalues of this matrix correspond to the veloci-
ties (or, when suitably scaled, mobilities) of the
zones. The eigenvectors describe the proportions
between Ac values in one zone. Thus, in a zone the
Ac vector is equal to an eigenvector, apart from a
multiplicative constant. The constant is related to the
intensity, I, of a zone. The zones satisfy the coher-
ence condition as formulated (be it for chromatog-
raphy, but see Ref. [17]) by Heffrich and Klein
[29,30].

The matrix elements are found from:

A, =IIF [5(i,j)aM/K+ciW] (1)
]

where |, is the electrical current density, E is the
electric field strength, F is Faraday’s constant, 6(i,j)
isthe Kronecker Delta, 1if i =], 0if i <>j, % isthe
average or effective mobility of constituent i, ¢, and
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¢, are the concentrations of constituents i and j,
respectively. « is the electrical conductivity:

> Ewmzs,

aIIionskE =F 2 Mkzksk (2)

all ions k

k=IJE=F

where s, and u, values are the concentrations and
mobilities of the individual ions (e.g., H,PO3"),
respectively, and where H" and OH ™~ should also be
counted.

In a few, very simple, cases it is worthwhile to
derive analytical expressions for the A, ;. However,
in general, in a program developed by us, the values
of the A, ; are found by numerical differentiation of
expressions like Eq. (1). The steps involved in this
rather complicated process are described in Ref. [17].

For a sample ion s, with zero concentration in the
BGE, the second term in Eg. (1) vanishes, the
elements A_., are al zero, while the A, element
equals the average velocity, “u;. Thus, the latter value
is a eigenvalue for each sample ion.

For the very simplest capillary electrophoresis
(CE) experiment, e.g., injection of sodium chloride
into a BGE of potassium chloride, these ideas can be
illustrated as follows: the dimensionality is 2 (pH 7,
no effect of H" or OH", chloride follows from
electroneutrality, in BGE as well as in the zones).

One eigenvalue (**1") is the mobility of sodium.
For this zone the Ac values for sodium and potas-
sium can be calculated to be (see below) in the
proportion 0.626/(—0.727). This says that where
sodium is present, potassium is lower than in the
BGE. Later on in the text this will be formulated as:
the corresponding vector is (e, ,,=0.626, e, =
—0.727). This also explains why the two numbers
0.626 and —0.727 are given, rather than just their
ratio; the eigenvectors are usually given such that
their euclidic length is 1.

The other eigenvalue (““2"") for this situation is
zero, the corresponding vector is (e, ,=0, &, =1).
The zone consists of dlightly diluted or dlightly
concentrated BGE, containing no sodium. Such a
zone with zero mobility is aso present in more
complicated BGEs and is indicated in the following
as the ""EO-zone”’, as its presence often allows to
determine the electroosmotic flow mobility.

Once the n*n matrix A consisting of the elements
A, ; has been found, its eigenvalues A, and eigenvec-
tors e, can be found with a numerical package. The

A, correspond to the velocities of allowed (coherent)
zones. When emerging from Eq. (1), they would be
in terms of velocity, so a division by the field
strength is needed to convert them into zone mo-
bilities, . It follows from the theory of
eigensystems that there are n A, values with corre-
sponding e, values.

As coherence is the ““natural” [30] end state to
which a system evolves, any disturbance that has a
different character (i.e., does not have the propor-
tions in Ac, values prescribed by one of the e,
vectors) will eventually be split in two or more zones
that do have such proportions.

This then leads the way to an understanding of the
relation between the injected sample solution
(amount and composition) on the one hand and the
intensity of all zones on the other hand by means of
an integral mass balance for every constituent.

The relative concentration of a constituent i in a
resolved zone k can be written as:

Ac =€, Gz—ut) 3

where G, (z—u,t) describes the intensity and shape of
the zone. The shape may reflect the original injection
profile, or may be distorted more or less, by disper-
sion or electromigration dispersion, or by iso-
tachophoretic effects occurring in the first stages
after injection. In Eq. (3) u, is the velocity of zone k,
mE, z is the longitudinal position in the capillary
and t is the time.

Note that an eigenvector is only determined in its
direction, the values of its components can be
multiplied by an arbitrary constant without impairing
its validity. Usudly, and also here, the vectors are
normalized such that their euclidic length is 1, i.e,,
the sum of squares of the components is 1. Note also
that the G-function bears no index i, indicating that
the shape of all Ac; curves versust or z are the same,
their height proportions being given by the e
values.

The relative amount contained in one zone k, for
condtituent i, AW , is equal to:

AW | = Acei'kJ G(z — u,t)dz (4)

where A, is the cross-sectional area of the capillary.
Eq. (4) can be written as:
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AW, = ¢ Iy (5

In Eq. (5) I, represents the integral of G(z—u,t) in
Eqg. (4) times A.. Apart from a correction factor
amounting to u, (cf. Ref. [31]), and the sensitivity of
the detector, it is equal to the integrated signal
observed with common signal integrators. I, values
are identified as the intensities of zones.

From the integral mass baances for al con-
gtituents the intensity of al zones can be found:
When an injection of length |5 has been made, with
concentration vector Acg, the total amount in the
capillary of a constituent i differs from the back-
ground value by:

AS = AlAC s (6)

where S and index S stands for sample (injection).

After the injection plug has been fully resolved in
zones, but before any zone has left the capillary, this
difference must still be the same, as there no net loss
of gain of material has occurred. Thus for each
constituent i it must hold:

A§= E AW, = E e (7)
all zones k all zones k

The AS are known from the injection conditions;
the g, can be found from the properties of the BGE
and the analytes by means of the eigenvalue/vector
calculation. A set of equations such as Eg. (7), valid
for each of the n constituents i, is an example of n
equations with n unknowns, I,, the e , being the
coefficients and the § being the constant terms. This
set of equations can be solved by standard linear
algebra; inversion of the matrix E, consisting of the
€, elements, gives the desired result:

| =(E)"'AS (8)

where | is the vector of length n of intensities I, AS
is the vector of length n of injection amounts, AS.

The process is graphically illustrated in Fig. 1,
with 0.01 mol/l imidazolium chloride as the BGE
and 0.005 mol/l sodium chloride as the sample.
Imidazolium is treated here as a strong ion, so that
the pH is assumed to be 7; the system, BGE plus
sample, has dimensionality 2 and can be represented
in a plane. The two possible eigenvectors in
{€ midazoler Enat @€ {0.707, 0.707} with u=0 (elec-
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Fig. 1. Two-dimensiona vector representation of decomposition
of injection vector into eigenvectors of coherent zones. BGE
consists of imidazolium chloride with sodium chloride as a
sample. Dimensionality of combination (BGE+Nag) is 2 (imida-
zole treated as strong ion in this figure). (A) The two (eigen)vec-
tors alowed by the coherence condition, specified only in
direction, not yet in length. Mobility of corresponding zone
indicated. (B) Injection with Na dissolved in BGE, grey lines
ending in filled circles represent intensity of zones, direction same
as vectors in A. (C) Same as B, except for injection with Na
dissolved in water.

troosmotic marker zone, short EO-zone) on the one
hand and {—0.698, 0.716} with uw =48 (= u,,) On
the other hand. Note that, as mentioned before, the
absolute value of the vector components can be
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chosen arbitrarily, only their ratios matter. Therefore,
{€ midazoler Enay=10.707, 0.707} just means that the
two concentrations vary in the same proportion, the
value 0.707 is in fact 1/V/2, chosen to make the
euclidic length V(€ 4moc+ €aa) €Qual to one, as
required by convention. However, in Fig. 1A (and
Fig. 2A) this convention has not been used (in fact
this would be without meaning, as the scales in these
figures have the unit mol/l, while the eigenvector

A
—
0.003 _\7‘
0.002 +
cNa
n=48
0.001

0.006 0.004 000 5002

clmid

B
i
0.002 {Inj. Na in BGE
cNa
0.001
o
& 00
0.006 0.004 0.002 Nﬁo 0.002™

clmid cK
Fig. 2. Three-dimensional representation of the decomposition
into eigenvectors for a BGE consisting of 0.005 mol/l im-
idazolium chloride and 0.005 mol/l potassium chloride with
sodium chloride as a sample. Dimensionality of combination
(BGE+Na) is 3 (imidazole treated as strong ion in this figure).
(A) The three (eigen)vectors allowed by the coherence condition,
specified only in direction, not yet in length. Slope of Na-vector
(dc, 4/ dcy,) equals 1/(transfer ratio) [32]. (B) Injection with Na
dissolved in BGE, grey lines ending in filled circles represent
intensity of zones, direction same as vectors in A.

components have no dimension). The graphical
length of the eigenvectors has been chosen to fit the
figure; their direction is the only thing that matters.

The injection vector for an injection and its
decomposition has been drawn for two cases: sodium
chloride dissolved in water (Fig. 1B) and dissolved
in BGE (Fig. 1C). This is the elementary case
occurring in a basic treatment of indirect detection
[32,10]: the slope of the Na-vector equals 1/(transfer
ratio) [32], and is here equal to —0.698/0.716=
—0.974. It should be noted that such a simple case
can be readily analyzed without resort to the numeri-
cal method used here, eg., by using the KRF [33—
35,12,2].

The logic behind the present treatment can be
made clearer by considering the difference in re-
sponse in the EO-zone in Fig. 1B and C. In Fig. 1C,
with injection from water, the EO-zone is strongly
negative, due to the deficit in imidazole brought
about by the injection. In Fig. 1B, however, the
EO-zone is positive. Since in the latter case the total
amount of imidazole has not been changed by the
injection, the negative content (relative to BGE) in
the Na-zone must be compensated somewhere in the
system by a positive deviation. As the EO-peak is
the only place where a deviation from the BGE
composition occurs, this compensation should be
there. This reasoning is in fact what Eq. (7) says.

A three-dimensional representation for a system
with three constituentsis given in Fig. 2. The BGE is
assumed to consist of potassium and imidazolium
(again treated as a strong ion) chloride, while sodium
is injected. As the BGE itself now has two degrees
of freedom, there are two system zones, one with
mobility zero, and one with mobility in between that
of potassiun and imidazolium. For the first the
eigenvector points to the ‘‘water point”, as e, =
€ midazolium- FOr the second, the eigenvector com-
ponents e, and €,,,i4az0iium NVE OppoSite signs; the
zone can be described as an exchange between
potassium and imidazolium. The analyte vector,
protruding out of the shaded ‘‘BGE-plane’’, has non-
zero components in both potassium and imidazole.

When dealing with an injection with many con-
stituents, a simplification can be obtained as follows:
when the BGE has p congtituents, and the injected
solution contains many, say g, other constituents, it
is not needed to carry out the eigenvector calculation
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and the inversion Eq. (7) for the full matrices of
dimension n=p+q. As the response to the complex
injection is built up as a linear combination of the
responses to each of the analytes, each analyte
injected can be treated separately; each time matrices
of dimension p+1 have to be handled. The re-
sponses in the q analyte zones are totally indepen-
dent (for analytes not occurring in the BGE one can
identify a zone with the analyte as constituent, as its
zone is the only one in which its concentration
varies). For the q system zones the intensities are
found by adding up the intensities brought about by
each of the q analytes.

3. Experimental

A Prince CE instrument (LauerLabs Emmen, The
Netherlands) was used in combination with a UV
detector type SpectroFlow 757 (ABI, Ramsey, NJ,
USA), used at 206 nm (maximum of imidazole
absorption). The capillary was 79 cm (44.5 cm to the
detector window) X375 pm O.D.X50 pm 1.D. All
chemicals used were at least analytical grade. Pre-
treatment of the capillary involved washing with 0.1
mol /I sodium hydroxide for 5 min, then water for 2
min and then BGE for 10 min. Injection was done
hydrodynamically; running voltage was 25 kV. Ex-
periments were carried out at room temperature,
which varied between 17 and 22 °C.

Electropherograms were recorded with a recorder
type BD 111 (Kipp&Zn, Delft, The Netherlands),
and for obtaining peak integrals also recorded on a
persona computer (PC) 486 DX66 with appropriate
interface card and the electrophoresis data processing
software CAESAR 3.0 (LauerLabs).

Calculations were carried out on the PC, with a
program NPEL.EXE, custom written in Turbo Pasc-
a, verson 7.0 for DOS (Borland International,
Scotts Valley, CA, USA). Algorithms for eigenvec-
tor/value calculations and matrix inversion were
taken from Ref. [36].

Mobilities and pK, values, needed for the pro-
gram, were taken from the compilation by Hirokawa
[37], except for the mobilities of analytes and co-
ions (all cations), which were determined beforehand
in a buffer of suitable pH and the same ionic strength
as in the experiments.

Table 1

Mobilities used in the calculations

lon w (-107° m?*/V/s) pK, (from Ref. [37])
Na* 48.0

Li* 38.0

K" 67.0

Imidazolium™* 46.0 6.8

Ephedrinium* 25.0 9.9

From literature
Cl~ -79

Measured, at 18-20 °C, ionic strength 0.1 mol/I, pH 4.3.

4. Results and discussion
4.1. Imidazole BGE system

Table 1 list the values for mobilities and pK,
values for the constituents used in the software. In
the following text mobilities will be indicated by
their values in the unit -10~° m?/s/V.

Table 2 pertains to an experiment where 0.01
mol/l neat imidazolium chloride was used as the
BGE. This is a smple system, that could have been
calculated by using the KRF, except that in our
numerical approach the small effects of the acid—
base reaction of Imidazole and the contribution of
hydrogen ion to the conductivity is taken into
account. The pH was measured as 4.44, which agrees
reasonably with the value of 4.40 given by the
program. Injected was a mixture of potassium,
lithium and sodium chloride, each 0.001 mol/l,
dissolved in either water or BGE.

In al experiments the peak areas were compared
to the calculated predictions in relative terms. That
is, every peak area, experimental or predicted, was
divided by that of a suitable reference peak, in this
case that of the sample constituent sodium. In this
way painstaking experiments for determination of the
absolute sensitivity of detector and integrator were
avoided.

The calculated values in Table 2 for the peak area
ratios are not the same for the four BGE experi-
ments. This stems from the influence of the electro-
osmotic flow on the peak area (cf. Ref. [31]). The
electroosmotic flow was not stable between experi-
ments.

The precision of our area measurements was in the
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Table 2
Peak area ratios, experimental vs. calculated
Injection in K/Na Li/Na SyseO/Na

Experimental Calculated Experimental Calculated Experimental Calculated
BGE 0.67 0.66 1.02 0.93 —4.79 —-57
BGE 0.67 0.68 0.99 0.93 -5.30 -52
BGE 0.65 0.69 0.88 091 —248 —45
BGE 0.67 0.70 0.85 0.91 —2.93 —-44
Water 05 0.66 0.67 0.82 345 16.5

BGE: 0.01 mol/I, imidazolium™ Cl~. Injected 0.001 mol/I Na, 0.001 mol/l K and 0.0007 mol/I Li.

range of 5% relative standard deviation. Thus the last
three data on SysEO/Na are definitely out of the
expected range. We have no explanation for that,
except that the electroosmotic flow may have varied
even during the run. Nevertheless, Table 2 is satis-
factory in that the model predicts the sign as well as
the order of magnitude of the system peak response
correctly.

4.2. Imidazole/potassium BGE system

Results obtained with more complicated BGE
systems are reported in Figs. 3-5. The BGE aways
contained 0.01 mol/l chloride, and varying pro-
portions of potassium (0.2, 0.6, 0.8 and 0.9 times the
chloride concentration) and so much imidazole that
the pH was 6.8. Injected was a mixture of sodium
and lithium chloride, 0.001 mol/I each, dissolved in
either water or the BGE, as indicated in the figures.

In Fig. 3 the comparison between observed and
predicted mobilities of the system peak with mability
in between that of imidazole and that of potassium
(““SyslII’; name does not have any special signifi-
cance) is visualized. Both are plotted as a function of
the fraction of potassium chloride in the total ionic
strength [thus c,:/c-, the imidazole total con-
centration is than about 2-(c,+ —c,-), for abtaining
pH 6.8]. As can be seen, the agreement is again
reasonable, although quantitatively not very precise.

In Fig. 4 the comparison between observed and
predicted peak area ratios is shown for the injection
with the sample dissolved in water, whereasin Fig. 5
this is done for sample dissolved in BGE. In both
cases the sodium peak was taken as the reference.

In both Fig. 3 on the one hand, and Figs. 4 and 5
on the other hand the agreement appears to be better
with BGE as the injection solvent than when water is

used as the injection solvent. Possibly this is again
related to the disturbance of the electroosmotic flow
velocity within the run, which can be expected to be
larger when water is injected.

4.3. Ephedrine/potassium BGE system

This system was chosen because it allows to study
the peak sign inversions when a system peak is either
on the one, or on the other side of the analyte peak in
the electropherogram. This situation was not reached
with imidazole/ potassium, where the mobility of the
system peak (‘‘SysllI’) is, for practical fractions of
potassium, always larger than those of the two
analytes, lithium (u =38) and sodium (u =48). With
the mobility of ephedrine (u=25), a system peak
(““SysllI’) can be expected to lie somewhere be-
tween p =68 (potassium), and w =25 depending on
the composition. Thus when varying the fraction
potassium, the system peak (**SyslII’) will **move”
subsequently through both analyte peaks. As has
been discussed by others and us [9,3,4,16], such a
situation gives rise to (i) peak sign inversion for
indirect detection and when analyte and system peak
have nearly the same mobility, (ii) excessive re-
sponse factors and (iii) excessive peak asymmetry.
In this work we were interested in the peak sign
inversions and the behaviour of system peak
(“Sysl).

The various BGEs were prepared in an analogous
was as in the imidazole/potassium experiments.
Thus, chloride concentrations were maintained at
0.01 mol/l; potassium concentrations were chosen to
be 0.2, 0.4, 0.6, 0.8 and 0.9 times this value, and
ephedrine was added to reach a pH of 9.9, for which
about 2-(c.+—Cg-) was needed. Injection was
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Fig. 3. Mobility of system pesk Il (exchange of K* and
imidazolium") experimental (full line) and calculated (dotted
ling). BGE: Mixture of imidazolium chloride and potassium
chloride, with varying K*/imidazolium™ ratio, with fixed ionic
strength 0.01 mol/l a pH 6.8 (=pK,). Horizontal axis: fraction
Cy+/(C++Cg)- Injected: NaCl, 0.001 mol/l, dissolved as
indicated.

analogous to the imidazole/potassium case, again
0.001 mol/I for each of the analytes.

Fig. 6 shows the observed and predicted values for
the mobility of the system peak (“Syslll’’) as a

Area Li/Na pH:6,8
Analyte in water

0 01 02 03 0.4 05 06 07 08 0.9

[KVK+Imidazole]

Area EO/Na pH:6,8
Analyte in water

0 01 02 03 0.4 05 06 07 08 08
[KV[K+Imidazole]

Area SysIIl/Na pH:6,8
Analyte in water

o 01 02 03 04 05 06 07 08 09
[KV[K+midazole]

Fig. 4. Peak area ratios, experimental (full line) and calculated
(dotted ling). BGE: Mixture of imidazolium chloride and potas-
sium chloride, with varying C, +/C,igaoe+ rétio, with fixed ionic
strength 0.01 mol/l a pH 6.8. Horizontal axis: fraction c, -/
(Cx+ +Cimigazore+)- INjected: NaCl 0.001 mol/I and LiCl 0.001
mol/l, dissolved in water.

function of the potassium fraction. The impression is
the same as for Fig. 4: the trend is predicted well, but
guantitative agreement is not quite satisfactory. Still,
we believe that the model producing the predictions
is reliable, and that experimental artifacts are behind
these deviations.

In Fig. 7 the comparison for the peak areas are
made, for injection from water. For this set of
experiments we decided to use the ' EO-peak’ as the
reference peak, as this is the only one that does not
change sign when the fraction f, is varied. The
format of the figure is different from that of Figs. 4
and 5; the predicted values are shown as lines rather
than as points. This was done because the predicted
points were quite off-scale for the values 0.4 and 0.6
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Area Li/Na pH: 6,8
Analyte in BGE
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[KJ/[K+Imidazole]

Area SysIII/Na pH: 6,8
Analyte in BGE
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09
[KV[K+Imidazole]

Fig. 5. Peak area ratios, experimental (full line) and calculated
(dotted line). BGE: Mixture of imidazolium chloride and potas-
sium chloride with varying Cy +/C, a0+ rétio, with fixed ionic
strength 0.01 mol/l a pH 6.8. Horizontal axis: fraction c,+/
(Cx+ +Cimigazore*)- INjected: NaCl 0.001 mol/l and LiCl 0.001
mol/l, dissolved in BGE.

of the horizontal axis; apparently at these values the
system peak nearly coincided, in the calculation,
with the peaks of sodium and lithium, respectively.
Thisis also visible in Fig. 7. We have to assume that
in the actual experiments the separation between
system peak (**SyslIl’") and the analytes peaks was
aways larger, so that no such excessive responses
were obtained. In retrospect it would have been
better to choose the potassium fraction in the BGE
more judicioudly.

Fig. 8 shows the same data, but now for an

analyte in BGE
mobility system peak
60

50

40
mobility

0 0.1 0.2 0.3 04 05 06 07 08 0.9 1
[KI[K+Ephedrine]

Fig. 6. Mobility of system peak ““SyslII’ (exchange of K" and
ephedrinium™) experimental (full line) and calculated (dotted
ling. BGE: Mixture of ephedrinium chloride and potassium
chloride, with varying ¢, +/Cepneqrinium+ rétio, with fixed ionic
strength 0.01 mol/l a pH 9.9. Horizontal axis: fraction c,+/
(Ck+ *+ Cephearine*)- INjected: NaCl, and LiCl each 0.001 mol/l,
dissolved in BGE.

injection from water, of lithium and sodium, 0.001
mol /| each.

Figs. 7 and 8 demonstrate that the predictions are
qualitatively (i.e., sign of response, and large re-
sponse factors for some cases) in agreement with the
experimental results. However, the quantitative
agreement is unsatisfactory, if not poor. Several
explanations can be given: again, variation in EO-
flow may have played arole. In Fig. 7, the intensity
of the EO-peak, used as a reference, was very large,
and possibly the integrated areas were affected by
detector non-linearity. Finally, it was observed sever-
a times during this and other work at high pH that
carbon dioxide is absorbed pretty fast in such BGE
stock solutions. This could have lead to significant
shiftsin pH and BGE properties. One reviewer made
the remark that also other contaminants, especially
those with a mobility close to that of the relevant
zones, may lead to quite unexpected results.

At least, this experiment shows that the use of
BGEs with more than one co-ion must be avoided at
any price, as it leads to very unpredictable results, a
fact noted before by numerous workers [9,3,35,11].

5. Conclusion

A framework for obtaining insight into the intensi-
ty of system peaks in CZE has been developed. The
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Fig. 7. Peak area ratios, experimental (filled diamonds) and
caculated (ling). BGE: Mixture of ephedrinium chloride and
potassium chloride, with varying ¢y +/Ceppeqrinum+ ratio, with fixed
ionic strength 0.01 mol/l at pH 9.9. Horizontal axis: fraction
Cy+ /(Cx+ + Cepnearine* )- INjected: NaCl and LiCl 0.001 mol /1, each
0.001 mol/l, dissolved in water.

approach has been successful also for the purpose of
studying peak deformations due to electromigration
dispersion [38,39]. The experimental verification
presented here on system peak intensities is not quite
satisfactory, at least in terms of quantitative agree-
ment. However, as there is, as far as we can see, no
reason to question the underlying mathematical

AreaRatio Ll
2
1
K
0.6 0.8
-1
2
AreaRatio Na
2
1
K
04 0.6 0.8
-1
2
AreaRatio Sy SITI
2
1
K
02 @/ o6 o3 ¢
-1
-2

Fig. 8. Peak area ratios, experimental (filled diamonds) and
caculated (ling). BGE: Mixture of ephedrinium chloride and
potassium chloride, with varying ¢y +/Ceppeqrinum+ ratio, with fixed
ionic strength 0.01 mol/l at pH 9.9. Horizontal axis: fraction
Cy+ /(Cx+ + Cepnearine* )- INjected: NaCl and LiCl 0.001 mol /1, each
0.001 mol/l, dissolved in BGE.

treatment, we believe that the framework is basically
correct. There is one exception to that: The indirect
detection response is calculated in the program as it
was used is derived from the Ac,, vaues for the
congtituent that serves as the ‘‘monitoring ion”
(imidazole and ephedrine in our two sets of experi-
ments . However, the UV-absorption response of
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such constituents depend on their acid—base equilib-
rium. It is known [20,21,40] that within zones the pH
can shift from the BGE value. As a result, the UV
response in especially relatively concentrated zones
may be different form that in more diluted zones.
Taking this numerically into account is no problem,
but knowledge of the ratio of UV responses for the
various protonation forms of the monitoring con-
stituent would be required.
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